Cell-free microRNA (miRNA) in biofluids released by tumors in either protein or vesicle-bound form, represent promising minimally-invasive cancer biomarkers. However, a highly abundant non-tumor background in human plasma and serum complicates the discovery and detection of tumor-selective circulating miRNAs. We performed small RNA sequencing on serum and plasma RNA from Nasopharyngeal Carcinoma (NPC) patients. Collectively, Epstein Barr virus-encoded miRNAs, more so than endogenous miRNAs, signify presence of NPC. However, RNAseq-based EBV miRNA profiles differ between NPC patients, suggesting inter-tumor heterogeneity or divergent secretory characteristics. We determined with sensitive qRT-PCR assays that EBV miRNAs BART7-3p, BART9-3p and BART13-3p are actively secreted by C666.1 NPC cells bound to extracellular vesicles (EVs) and soluble ribonucleoprotein complexes. Importantly, these miRNAs are expressed in all primary NPC tumor biopsies and readily detected in nasopharyngeal brushings from both early and late-stage NPC patients. Increased levels of BART7-3p, BART9-3p and particularly BART13-3p, distinguish NPC patient sera from healthy controls. Receiver operating characteristic curve analysis using sera from endemic NPC patients, other head and neck cancers and individuals with asymptomatic EBVinfections reveals a superior diagnostic performance of EBV miRNAs over anti-EBNA1 IgA serology and EBV-DNA load (AUC 0.87-0.96 vs 0.86 and 0.66 respectively). The high specificity of circulating EBV-BART13-3p (97%) for NPC detection is in agreement with active secretion from NPC tumor cells. We conclude EV-bound BART13-3p in circulation is a promising, NPCselective, biomarker that should be considered as part of a screening strategy to identify NPC in endemic regions.
Introduction
Nasopharyngeal carcinoma (NPC) prevails in southern China, Southeast Asia, North Africa, the Middle East, and the Arctic. 1 Although NPC is rare in most other parts of the world, NPC incidence is increasing in low-risk populations such as Europe and USA due to worldwide migration. 2, 3 Most patients with NPC present in the clinic with advance stage disease.
using a noninvasive method is considered crucial to reduce mortality from NPC. Epstein-Barr virus (EBV) is a primary etiologic agent in the pathogenesis of undifferentiated NPC. Abnormal anti-EBV antibody profiles, increased circulating EBV DNA levels, and a distinct EBV gene expression profile in tumor cells illustrate the active role of EBV in the carcinogenic process. [5] [6] [7] [8] [9] Various noninvasive blood-based EBV assays have been accepted for detection of circulating biomarkers for NPC, such as EBV-specific IgA antibody testing by ELISA and PCRbased measurement of cell-free EBV DNA. 8, [10] [11] [12] [13] In endemic regions, majority of individuals with NPC have elevated antibody titers to defined EBV antigens (EBNA1, EA, VCA) that may persist up to 10 years prior to diagnosis. 4, 8, 9, 13 Although highly sensitive for NPC, these antibody assays do not meet the desired specificity as a single diagnostic marker. 4 If used indiscriminately, EBV IgA serology may lead to overdiagnosis of NPC with associated psycho-social consequences and extra costs in endemic countries.Quantitative measurement of circulating cell-free viral loads in plasma or serum by real-time PCR revealed higher specificity than serological test. 1, 8, 11 Measurement of plasma cell-free EBV DNA load is recognized as tumor marker for prognostic assessment of NPC patients undergoing radiotherapy and prediction of recurrent disease rather than for early detection of NPC. 8, 11, 14 Although this circulating biomarker has been proposed for screening purposes 15 it does not reflect intact living tumor cells and awaits validation in prospective cohorts. 16 A noninvasive circulating biomarker with high diagnostic accuracy is needed for identifying high-risk subjects prior to the onset of clinical signs of NPC. Ideally, such a marker would provide tumor-specific information to warrant further confirmation by NP brushing or biopsy. Circulating microRNAs (miRNAs) provide insight into both the biology and clinical behavior of various types of cancer. 17 EBVmiRNAs play an important role in EBV-driven transformation and NPC pathogenesis targeting anti-growth and apoptotic pathways. [18] [19] [20] [21] [22] However a clear consensus has not yet emerged from several studies concerning circulating EBV-miRNAs as biomarkers for NPC detection and patient monitoring. [23] [24] [25] Indeed, several studies revealed that there is a relatively high inter-tumor variation of EBV-miRNA expression, 20 which may complicate the design a standardized noninvasive EBV-miRNA assay for NPC detection. While RNAseq has been performed on plasma miRNA from NPC patients only endogenous miRNAs have thus far been considered. 26 However, cell-free miRNAs in cancer patients can be of both tumor and nontumor (micro-environment) origin a proportion of which enclosed in Extracellular Vesicles (EVs). 27 Here, we profiled with RNAseq serum and plasma samples of NPC patients and healthy controls with the purpose of identifying circulating EBV-miRNAs that are consistently associated with NPC and not other diseases to reduce false positives. We validated EBV-BART7-3p, BART9-3p and BART13-3p with qRT-PCR in total serum, serum EVs, C666.1 NPC cells, primary NPC tissues and NP brushings. Circulating BART13-3p is a strongly EV-associated miRNA that outperforms classic EBV-DNA load and EBV IgA serology for identifying patients with NPC in comparison to healthy controls and individuals with various EBV-associated diseases.
Materials and Methods

Patient selection and biological sample collection
We used archived pre-treatment serum samples from NPC patients of Indonesian (endemic) origin with regional controls as detailed in recent publications. 12, 13, 28, 29 We selected 56 NPC patients collected at the Dr. Cipto Mangunkusumo Hospital in Indonesia with available frozen biopsy or nasopharyngeal brushing, serum and whole blood samples at diagnosis (Table 1) . EBV status of tumor biopsies was assessed by EBER in situ hybridization. All patients were clinically staged according to the UICC/AJCC guidelines (Supporting Information Table S1 ). Serum was prepared by blood clotting at RT for less than 2 h or overnight at 4C. After clotting, the liquid phase was centrifuged (1,000-2,000x g) for 10 min in a refrigerated centrifuge and the supernatant (serum) stored at −80 for further analysis. Healthy donor sera (n = 33) from Indonesian were used as controls for miRNA and DNA analysis. In addition, a total of 29 pre-treatment serum samples from patients with various non-NPC diseases in head and neck (Table 1) referred to VU Medical Center in Amsterdam, the Netherlands, Jeroen Bosch Hospital in the Netherlands, the Dr. Cipto Mangunkusumo Hospital, Indonesia 29 (enrolled during the same period as NPC patients) were analyzed for miRNA and anti-EBV IgA serology. All patients signed for informed consent and the study was approved by the medical ethical committees of the participating hospitals. In addition, plasma samples from 14 histologically confirmed NPC collected at the National Cancer Institute, Centro di Riferimento Oncologico, Aviano, Italy and healthy control plasma samples were used as external validation cohort. 30 EDTA-plasma was centrifuged (800-1,200 g) in a refrigerated centrifuge for 10 min within 2 h after blood draw and the subjected to a second spin at 2500 g for 10 min. The platelet poor plasma was than stored at −80 for further analysis.
Cell lines
EBV positive NPC cell line C666-1 and EBV negative cell lines NPC-derived HONE1 were obtained and cultured as previously described and recently authenticated. 31 These cell lines were used to profile intra and extracellular viral and human small noncoding RNAs for NPC microRNA biomarker discovery. Upon confluence, media were removed and cells were used for RNA extraction for intracellular miRNA profiling. 19, 32 The supernatants were collected and centrifuged at 500 × g for 10 min. to remove remaining cells and recentrifuged at 2,000 × g for 15 min to eliminate cell debris. Pre-cleared supernatants were further subjected to size-exclusion chromatography (SEC) for EV enrichment. 33 Sample processing and nucleic acid purification Serum, plasma, whole blood, nasopharyngeal brushing and frozen tumor biopsy samples were collected and processed for DNA and RNA isolation according to published protocols. 12, 29, 34 Extracellular vesicles (EVs) were isolated from serum and plasma by SEC Sepharose CL-2B column (GE Healthcare) as described previously. 33 TRIZOL LS (Invitrogen) was used to isolate total RNA from 250 μL total serum or plasma according to the manufacturer's instruction. Glycogen (Invitrogen, R0551) was added to increase the RNA yield. Trizol (Invitrogen) was added to (a) tumor cells, (b) tumor biopsy, (c) 250 μL of pooled SEC fractions 9 and 10 (EV fractions) and (d) 250 μL of pooled fractions 20 and 21 (HDL/protein fractions). The total extracellular RNA was precipitated and pooled from four times TRIzol-based RNA purification of EV and HDL/protein fractions. The rest of each SEC fraction was stored at −80 C for subsequent western blot and transmission electron microscopy (TEM) as previously described. 33 RNA was finally eluted in 11 μL RNAse-free water and stored at −80 C until further use. DNA and RNA concentration and quality were assessed by NanoDrop ND-100.
Small RNA sequencing
Sequencing libraries were generated using a maximum volume of RNA sample (7 μL) for each plasma and serum sample and an equal amount of RNA input (1,500 ng) was used for each cell line according to Illumina's TruSeq small RNA Sequencing Protocol. A 3 0 adapter was ligated to the RNA template using a truncated T4 RNA ligase 2. Next, 5 0 adapters were added, using T4 RNA ligase and ATP (Illumina). Single stranded cDNA was created using Superscript II Reverse Transcriptase (Invitrogen). The cDNA was then PCR amplified and PCR products were size-selected for 145-160 bp. Quality of sequence libraries was validated using Agilent high sensitivity DNA kit (Agilent Technologies) by measuring size, purity, and concentration on an Agilent 2,100 Bioanalyzer. Sequencing was performed on Illumina HiSeq 2000 pairedend 125-cycle (PE125) run, using HiSeq v4 reagents (Illumina). After in silico adapter removal, 15-125 nt fragments were mapped to the reference genome using several remote databases hosted by NCBI. Deep sequencing data was analyzed using sRNAToolbox. 35 
Molecular analysis
Viral and endogenous small noncoding RNA profiling was performed on 5 μL (250 to 350 ng RNA) total RNA extracted from cells, frozen biopsies, nasopharyngeal brush, serum and plasma samples with labeled primers (Life Technologies, 4,427,975). All necessary reagents for noncoding small RNAspecific cDNA synthesis prior to multiplex stem-loop RT-PCR followed by real time PCR with TaqMan probes (Applied Biosystems AB7500) have been previously detailed. 34 Two small noncoding RNAs (viral EBER1 and host Vault RNA) were analyzed by LightCycler stem-loop RT-PCR (Roche, LC480) as previously published.
36 C666-1 and HONE1 cells as EBV positive and negative control were used as calibrators. A true amplification curve with raw cycle threshold (Ct) mean value <40 (Ct SD <0.3) and was considered reliable in Taqman and LightCycler systems. As endogenous controls we used Vault RNA and miRNA16-5p. 32 A Ct value of 40 (Ct SD >0.3) for vaultRNA and a Ct value >30 (Ct SD >0.3) for miRNA16-5p was considered as adequate levels for defining RNA quantity while hsa-miR155 was considered as potential marker of inflammation. Relative quantification of miRNAs was calculated using the 2 -ΔΔCt approach when indicated. 31 Normalization for vesicle concentration was achieved by measuring vault RNA as a surrogate as it is a highly enriched small ncRNA in EVs. EBV DNA load was measured using protocol as published before. 10 All experiments were run as independent duplicates. Primers and probes used in our study are listed in the Supporting Information Table S2 .
EBV EBNA1 and VCAp18 antibody assays
IgA antibody levels against the EBV EBNA1 and VCAp18 proteins was measured according to previously published protocols. 4, 13, 37 A cut-off calibrator, a blank sample, the positive and four known EBV negative controls were included in each test run. The cut-off calibrator was run in triplicate, and the cutoff value (COV) for each ELISA plate defined by calculating the mean OD450 value +2x SD of the four negative reference sera. Results of the peptide-based ELISA assays were reported as normalized values (i.e. the mean of the duplicate absorbance value observed for each IgA antibody, divided by the COV for each plate.
Statistical methods
Graphical analysis was plotted using Prism 6.07 software (GraphPad) and statistical evaluations were executed by using SPSS 22 and R software (version 3.2.5). All tests were twosided and considered statistically significant at the 0.05 level. In miRNA analysis, 2 (−ΔΔCt) from each microRNA were square root transformed, standardized and then evaluated by the nonparametric Rank Products test using the R statistics. Serum EBV miRNA was presented in log2 transformed expression value, EBV DNA load was presented as copies per ml whole blood or copies per biopsy/brush and anti-EBV antibody level was presented in mean per COV. 4, 29 All values in the text and figures represent the mean or mean with SD.
The Receiver Operating Characteristic (ROC) analysis 38 was performed to evaluate the diagnostic performance of each circulating EBV miRNA in differentiating patients with NPC (n = 39) from the healthy control subjects (n = 33) and patient with other diseases (n = 31) Table 1 . The ΔΔCt ratio for each and every marker was transformed to the Square root scale to have less skewed-distributed data. Next, we built univariable logistic regression models for each individual marker. The optimal cut-off thresholds for diagnosis were set for maximum sensitivity and specificity. By analyzing serum associated EBV miRNA levels in NPC patients and healthy subjects, a diagnostic miRNA panel for NPC was built using logistic regression model. The performance of each univariable model was measured by area under the receiver operating characteristic (ROC) curve (AUC).
Pearson correlation test was used to examine the relation between expression level of EBV-encoded miRNA and EBV DNA load in the circulation and primary tumor by using the log2 scale of quantitative EBV DNA level and the Ct value of each miRNA. The Wilcoxon matched-pairs signed rank test was used to measure differentially expressed levels of each miRNA in serum fractions. Asterisks indicate statistical significance * p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001).
Results
To search for commonly deregulated EBV-miRNAs in the circulation of NPC patients, we performed small RNA (Illumina) sequencing on a small panel of plasma and serum samples. The volcano plot in Figure 1a reveals that EBV-BART miRNAs distinguish NPC samples from healthy controls compared endogenous miRNAs (Fig. 1a) . In 3 out 5 NPC samples robust EBV-miRNAs read counts (>10 RC) allowed us to delineate profiles. Pie-charts reveal that the EBV-miRNAs BART11-3p, BART2-5p and BART10-3p are most frequently detected in NPC patient plasma and serum but that the profiles are not uniform (Fig. 1b) . This is consistent with the described inter-tumor heterogeneity in EBV-miRNA expression profiles.
20,39 BART2-5p was detected in all EBV-miRNA positive NPC samples consistent with a recent PCR-based study. 40 In one NPC patient there was a high relative abundance of BART13-3p, a miRNA described before as potential NPC-associated noninvasive marker. 23 However some EBVmiRNAs, in particular BART2-5p and 11-3p may not be selective for NPC, as they have been detected in the plasma of patients with non-NPC EBV-associated diseases. [41] [42] [43] In addition, BART10-3p was detected above cut-off level in one control serum sample casting doubt on the NPC-specificity for these EBV-miRNAs as measured by RNAseq.
To resolve this we performed small RNAseq on C666.1 NPC cells and secreted extracellular vesicles (EVs) that enclose tumor-derived miRNAs and have been used for noninvasive cancer detection. 27, 33 Electron Microscopy analysis revealed pure populations of EVs, the majority of which, in the size range (70-100 nm) of endosomes-derived exosomes (Fig. 1b  and 1c) . The EBV-miRNA profile in C666.1 NPC cells is largely reflected by their relative presence in the exosomes showing high relative abundance of BART6-3p, 10-3p and 7-5p (Figs. 1b and 1c and Supporting Information Fig S1A) and the EV marker vtRNA1-1. This data clearly indicated that NPC C666.1 cells have a different overall EBV-miRNA RNAseq profile than the NPC patient sera. Further detailed isomiR analysis indicated that BART7-3p and BART13-3p are highly uridylated at the 5 0 -end (Supporting Information Fig. S1B ). Such nontemplated addition (NTAs) may act as a possible export signal for selective incorporation of a subset of miRNAs into exosomes. 44 Based on the sequencing data, BART10-3p, BART6-3p, BART7-3p/−5p and BART13-3p were selected for further validation. In addition we tested BART17-3p/5p and BART9-3p based on published literature. 23, 24 Finally, we included multiple endogenous miRNAs (miR16, miR223 and miR155) and vault1-1 ncRNA as a control for EV concentration. 36 We detected abundant expression of EBV-BART7-3p, −9-3p, 10-3p and −13-3p (Fig. 2a) in the NPC C666.1 cells, secreted exosomes-enriched EV and protein-enriched fractions (Figs. 2c  and 2d ). These markers were, as expected, absent in EBVnegative HONE NPC cells (Fig. 2b) . Interestingly, BART6-3p, which is highly expressed by C666.1 NPC cells as judged by RNAseq and qRT-PCR, was virtually undetectable in the exosomes-enriched EV-and protein-enriched fractions, suggesting that not all EBV-miRNAs have the same propensity for exosome incorporation (Supporting Information Fig. S1 ).
Although not further detailed here, it is noteworthy that EBER1 (but not EBER2, data not shown) is abundantly present in exosomes of C666.1 cells, but not in the proteinenriched secretory fraction.
Based on these results combined, we selected BART7-3p, −9-3p, −10-3p and − 13-3p as potentially NPC-selective, cellfree miRNA biomarkers.
Circulating EBV BART-miRNAs discriminate NPC patients from control groups
Given the differential intra-and extracellular EBV-miRNA expression, we questioned which candidate BART-miRNAs are most selective for detecting NPC tumors. We analyzed serum specimens obtained from 39 NPC Indonesian patients and two control serum cohorts from a mixed population of healthy individuals (n = 33) and Indonesian non-NPC patients (n = 31) of which some (n = 7) had reported EBV-associated disease (for details on sample characteristics see Table 1 ).
We found that circulating EBV miRNAs (BART7-3p, −9-3p, −13-3p) were consistently detected (average Ct levels between 33 and 35) and were more abundant in the NPC patient sera than in the two control groups (Figs. 3a-3c ) (Mann-Whitney, p < 0.0001). We concluded that presenting raw Ct values for the EBV miRNAs is reasonable as the endogenous miR155-3p levels were highly similar (average Ct levels 27) between all groups (Fig. 3d) . This provided confidence in the RNA quality, extraction efficiency and PCR outcome of the samples. While BART10-3p was detectable by RT-PCR in most NPC patient serum samples, the average levels were either at or slightly below the detection limit of this assay (Ct < [35] [36] . This may cast doubt on the robustness of this marker and was therefore excluded from further analysis (Supporting Information Fig. S2A ). While cell-free BART7-3p and BART9-3p were detected above detection limits in a small proportion of the healthy subjects, BART13-3p was virtually undetectable in this group. When comparing the results with EBV-associated, non-NPC patients (i.e. infectious mononucleosis, chronic active EBV infection and natural killer/T cell lymphoma and non-NPC head and neck tumors) the levels of BART7-3p and BART9-3p were higher than in healthy individuals in some of the patients (Figs. 3a and 3b) . In contrast, BART13-3p was only detected in a minor proportion of this control group and mostly below the detection limit of the assay (Fig. 3c) . Interestingly, the levels of BART7-3p and BART13-3p appear on average are higher both in early stage (I/II) and late stage NPC compared to non-NPC controls (Supporting Information Fig. S2B ). Combined these data strongly indicate that three candidate BART miRNAs secreted by C666.1 NPC cells are robustly detected in NPC patient sera with the stemloop qRT-PCR method. Of these, BART13-3p appears to be most selective for NPC status in both early and late stage disease when compared to non-NPC controls that include samples from patients with EBV-associated disease (see Table 1 ).
To further evaluate NPC relatedness, we investigated the circulating EBV-BART miRNA levels correlate with EBV-DNA load in the blood of NPC patients and whether the absence of cell-free EBV-DNA (cfDNA) copies would mean absence of the EBV-miRNAs. To this end we first determined the correlation between EBV-DNA copies numbers and EBVmiRNA expression in NPC666.1 cells as determined by qRT-PCR (Supporting Information Fig. S3 ). When analyzing the correlation between EBV DNA copies in blood and the level of serum EBV-BART miRNAs, we determined a significant positive correlation for BART7-3p and BART13-3p: p = 0.0007, p < 0.0001 respectively (Figs. 3e and 3f ) . The same correlation was found for BART9-3p (data not shown). It is noteworthy that most NPC cases in which we failed to detect EBV-DNA (n = 12) we clearly could detect cell-free EBV BART-miRNAs.
Together these results strongly suggest that BART7-3p, BART9-3p and BART13-3p are released by EBV-infected NPC tumor cells into the bloodstream detectable by qRT-PCR, making these markers potentially useful for minimallyinvasive detection of early-and late stage NPC. 
Evaluation of circulating versus tissue markers
To validate whether the EBV-BART miRNA candidates are consistently expressed by NPC tumor cells in vivo, we profiled 20 NPC tissues using hypertrophic tonsil tissues (n = 11) as controls tissues. We subsequently matched the relative expression in the NPC tissues with their presence in nasopharyngeal (NP) brushings (mucosal scrapes of tumor surface, n = 20) in addition to NP brushings from a group of healthy EBV carriers (n = 11). We could confirm strongly elevated levels of BART7-3p, −9-3p and − 13-3p in NPC biopsy specimens compared to tonsils (p < 0.0001, Fig. 4a ). The relative expression level in the NP brushings and biopsies of patients with NPC was very similar (Fig. 4b) , suggesting that these BART miRNAs in the NP brushings primarily report NPC tumor presence and no other infections. In agreement with previous studies we show strong inter-tumor heterogeneity of EBV-miRNA Figure 3 . EBV BART7-3p, BART9-3p and BART13-3p levels are increased in NPC patient sera compared to non-NPC disease controls even in EBV-DNA load negative sera. Relative EBV-BART microRNA expression levels of (a) BART7-3p, (b) BART9-3p, (c) BART13-3p and (d) endogenous miR155 control in total serum of NPC patients (circles, n = 39), healthy Individuals (triangles, n = 33) and 'non-NPC' disease controls (squares, n = 29). Data are presented as Ct values, errors bars represent from the average between each group. Significant differences were analyzed by Mann-Whitney test and the p-values are indicated above the plots. Correlation between EBV DNA copies in blood and EBV miRNA serum level (e) BART7-3p and (f ) BART13-3p. Data are presented as a log2 scale. expression levels. Even after miR16-5p normalization levels differ up to 1,000-fold which was most pronounced (10e5-fold) for EBER1 expression levels. This heterogeneity was less obvious for most endogenous miRNAs (Fig. 4a) . We detected low levels of BHRF1-1 miRNA both in tonsil tissues and normal NP brushings, indicative of low level of ongoing viral replication either in plasma cells and/or oropharyngeal epithelial cells lining. This was evident from the NPC brushings, indicative of ongoing viral replication in undifferentiated NPC tumors 45 as we reported previously.
12,45
Thus EBV-BART miRNAs in brushes is a valid option for in situ NPC tumor confirmation after liquid biopsy (cell-free DNA and circulating miRNA) analysis.
NPC-associated ebv-miR-BART13 is released into circulation via extracellular vesicles
Circulating EBV-DNA likely represents pieces of the viral genome released form dying EBV-infected cells. We reasoned that at least a proportion of circulating EBV-BART miRNAs in NPC patient sera are actively secreted by living tumor cells via EVs as suggested from our in vitro experiments (Fig. 1c) . To investigate this, we performed SEC-based fractionation on serum samples 46 of 18 patients with NPC, enriching fractions for EVs and separating these from smaller, soluble protein complexes. A representative transmission electron microscope (TEM) image confirmed purification of serum EVs in fractions 9 and 10 ( Fig. 5a ), which were as expected highly enriched in the EV-bound small Vault1.1 ncRNA (Fig. 5b) . We extracted RNA from these serum fractions and performed qRT-PCR. While EBV BART7-3p is readily detected in both EV and proteinenriched fractions of NPC patients (Fig. 5c) , only BART13-3p (Fig. 5d ) was significantly enriched in EVs from NPC patients when compared to the protein fraction (=0.007). Endogenous cell-free miR-155 was also strongly EV-bound in both NPC patients and healthy control serum, yet there was no difference in the levels of NPC EVs and healthy (Fig. 5e) suggesting a non-NPC origin of these EVs.
These findings, together with the in vitro data (Fig. 1c) suggest that NPC cells actively secrete EV-bound BART13-3p, which is relatively stable in circulation with hitherto unknown functional consequences for EV-target cells. 
Diagnostic performance of EBV BART miRNAs compared to serology and EBV DNA load
Finally we calculated the diagnostic potential of each individual miRNA using receiver operator characteristics (ROC) using 39 NPC, 33 healthy and 29 non-NPC serum samples. To diminish the influence of inter sample variability for this diagnostic analysis we normalized miRNA levels with Vault1-1 ncRNA using the ΔΔCt method (Supporting Information Fig. S4A-D) . We choose Vault1-1 since (i) it was always detected in each sample (ii) has no known relation with NPC (iii) Ct levels are in a similar range as the miRNA targets (iv) variation appears small (v) the PCR efficiency was similar as to the miRNAs and (vi) its levels are strongly EVassociated (Figs. 2c and 5b) .
Compared to healthy donors, the ROC curve of individual viral miRNAs revealed AUC's of 0.90, 0.87, and 0.91 for BART7-3p, 9-3p, and 13-3p, respectively (Fig. 6a) . Next we used this information to determine the optimal cut-off point for each of the EBV BART miRNAs individually to reach maximal sensitivity and specificity as identified by the R3.2.5 software. This approach shows that all miRNAs can provide a relatively high sensitivity and specificity (BART7-3p, 85% and 90%; BART9-3p, 97% and 82% and BART-13-3p 74% and 97% respectively) with circulating BART13-3p clearly being the most strongly NPC-associated miRNA compared to healthy individuals with an of AUC 0.91. In contrast to the circulating EBV-miRNAs, endogenous cell-free miR-155 showed essentially no diagnostic potential for NPC when compared to healthy EBV carriers (data not shown). Moreover, a combination of BART13-3p with BART7-3p yielded an AUC of 0.93 (Fig. 6a) .
Next we compared the performance of PCR-based EBVmiRNAs with ELISA-based EBV-EBNA1-IgA and EBV DNAload measurements from NPC patients and non-NPC patients with persistent EBV infection and head and neck cancer. Consistent with previous studies, 4 IgA anti-EBNA1 ELISA yielded an AUC of 0.86, which was superior over IgA-VCAp18 (AUC, 0.48) and EBV-DNA (AUC 0.66) (Fig. 6b) . While the sensitivity of EBNA1 IgA ELISA was 92%, the specificity was 71%, thus performing less accurate than serum BART13-3p levels (97% and 87%), which again appeared the best marker to identify true NPC patients with an AUC of 0.96. Finally, we evaluated whether our candidate EBV-miRNAs can also be indicative of NPC using plasma from nonendemic (Italian) NPC patient cohort and healthy control plasma (see Table 2 ). We calculated that a combination of BART7-3p and BAR13-3p achieved an AUC of 0.88 in this independent sample set (Supporting Information Fig. S4E ). Thus measuring the levels of circulating EBV miRNA, in particular serum EV-bound BART13-3p can be used to identify endemic and nonendemic NPC patients.
Discussion
EBV-encoded miRNAs are suggested to have a functional role in the pathogenesis NPC. 18, 19, 47 Many studies have demonstrated that circulating miRNAs represent promising minimally-invasive biomarkers for cancer detection but selectivity for tumor cell origin is not always confirmed. 27, 48 Using multiple in vitro and in vivo strategies we tested and validated BART7-3p, 9-3p, and 13-3p as promising liquid biopsy targets. EV-bound BART13-3p appeared the best performing NPC-selective marker in diagnostic serum analysis as compared to existing methods (DNA-load and IgA EBV serology) using healthy-, non-NPC cancer-and EBVassociated disease as controls (Fig. 6) .
To date, noninvasive EBV serology tests confirmed by endoscopic assessment and pathological examination of tissue biopsies is the standard approach for screening and diagnosis of NPC. 1, 4, 9, 13, 37 Elevated IgA antibodies that are indicative of aberrant Epstein-Barr virus (EBV) activity are noninvasive tools to identify high-risk individuals and IgA titers against EBV antigens are helpful in stratifying NPC risk. 4 However a screening test based on serology alone would lead to unacceptable over diagnosis and treatment and thus requires improvement. Next to serology, determining the cell free EBV-DNA load has been extensively evaluated for noninvasive NPC diagnosis. 10, 12 However, given that the origin of EBV-DNA in the blood is unclear, diagnosis of primary NPC relying solely on the detection of (fragmented) EBV DNA in circulation may still not be specific enough, or practical, for large scale screening. 15, 16, 49 This is especially true for poorer Figure 6 . Serum BART-miRNAs notably BART13-3p normalized to vtRNA differentiate NPC sera from healthy and non-NPC disease control sera. ROC curves of: (a) EBV miRNAs BART7-3p, BART9-3p, BART13-3p and BART7-3p/BART13-3p levels measured by qRT-PCR in the sera of NPC patients and compared to healthy controls. (b) IgA-VCAp18, IgA-EBNA1, BART13-3p and EBV-DNA levels were measured in the sera from NPC patients and compared to non-NPC controls. To discern what approach would be optimal for early NPC detection we contend that practical and affordable methods need to be compared directly. We found in 2 separate NPC cohorts (endemic, nonendemic) that EBNA1-specific IgA serology has a 92% sensitivity to identify NPC, while specificity reached 77%, consistent with prior studies in large cohorts. 4, 37 Importantly, measuring BART13-3p miRNA levels is serum outperforms the diagnostic accuracy of IgA serology (AUC 0.96 vs. 0.86) (Fig. 6a) . Apart from relatively easy and absolute detection techniques, EBV miRNAs are promising biomarkers for early NPC detection due to their biological role in NPC pathogenesis with a tight tissue-, cell-and timespecific expression. However there is currently no consensus on which circulating miRNA panel is most optimal for NPC population screening. 17, 23, 26, 40 We confirmed that EBV miRNAs are promising markers in more-invasive NP brushings or swabs, directly reflecting the local tumor load and disease process. 9, 12, 28, 50, 51 Our results showed indeed that BARTs were both highly expressed in NP brushings and tumor biopsies (Figs. 4a and 4b) . Although repeated brush sampling is technically feasible, this is an invasive and bothersome procedure that may be used to follow up inconclusive circulating miRNA results to rule out false negatives. Our data suggest that the NP-brushing procedure provides molecular evidence (miRNA and intact tumor derived EBV DNA) on the presence of actual NPC tumor cells at the site of tumor initiation and serves as a valid confirmation tool for NPC. 12, 50, 51 Could the circulating EBV miRNA approach be improved and do they have a biological role as suggested from our prior findings? 52 We determined by size-exclusion chromatography that at least two different populations of circulating EBV miRNAs exist, extracellular vesicle EVs and ribonucleoprotein (RNP) complexes (Figs. 1, 2, 5) . Recently BART2-5p was identified as a potential early stage NPC serum marker, 40 although BART2-5p serum levels may also be elevated in non-NPC diseases 43 hence our focus on different EBV-miRNAs. Recent evidence suggest that serum miRNAs in cancer patients can be both tumor-cell derived or from stroma cells that are either EV-bound and/or RNP-associated and possibly functionally related to clinical response to therapy. 27 Selective packaging of cell free miRNAs into vesicle carriers is probably related to the specific biological functions of the secreted miRNAs as we found previously for EBV-miRNAs. 52 Our findings show that BART13-3p is strongly EV-associated, possibly explaining its superior diagnostic performance over the other candidates. Curiously, candidate markers that were detected by RNAseq in the serum of NPC patients such as BART6-3p and BART10-3p were deemed less attractive when their secretion was analyzed from NPC cells in vitro (Fig. 2) . Tailored design of primers and probes for BART6-3p isomiRs for example could improve the detection of the secreted form of this miRNA. 53 Despite the small sample size, we found that RNAseqbased detection of circulating EBV-miRNAs is feasible and discriminates NPC patients from controls. Although not all potential markers found by RNAseq could be subsequently validated by qRT-PCR (probably due to the semi-quantitative nature of this technique), technological improvements such as inclusion of unique-molecular identifiers (UMIs) might increase accuracy. Nevertheless as group, EBV-miRNAs are most selective for NPC detection when compared to endogenous serum miRNAs (Fig. 1) . Despite technical limitations the qRT-PCR results for EBV-miRNAs in total serum of endemic (Indonesian NPC samples) are in strong agreement with an independent study performed by Zhang and colleagues who also found that BART7-3p and BART13-3p levels are significantly increased in NPC patients compared to healthy controls, that decrease upon treatment. 23 In our study, we compared these markers and BART9-3p with a relevant control group existing of noncancer patients with EBV associated diseases and non-NPC head and neck malignancies, a crucial comparison that is needed to assess true NPC-specificity (Table 1, Fig. 3 ). One important limitation of our study design is the relatively low numbers of early stage disease samples in our cohorts (Table 1) precluding firm predictions whether EBV miRNAs are superior over serology in detecting early stage NPC disease. In addition, we determined EBV-DNA load in whole blood for comparison purposes, whereas a novel sequencing based technique of cell-free EBV-DNA plasma shows high sensitivity and specificity (AUC 0.93) 16 similar to BART13-3p with qRT-PCR (AUC 0.96) found in our study.
Since the sensitivity and specificity for NPC detection as measured by ELISA in our cohorts, corresponded with prior published large-scale studies, 37 the outcome of our comparative analysis and prior studies, 23, 40 warrants a large scale validation of EBV-miRNAs in a prospective study that should include (EV-bound) BART13-3p, preferably in combination with cell-free EBV-DNA fragment detection. 16 It is likely that a combined method will ultimately yield the desired sensitivity and specificity necessary for population-based screening.
